Effects of high LET charged particles on a perfect in-vivo system are an essential theme for the study of the biological effects of radiation. Germinating onion seeds are independent complete organisms and the radiation induced micronuclei in the root chip cells can be examined quantitatively and theoretically. We irradiated with three types of high energy accelerated heavy ions germinating onion seeds using a synchrotron and observed micronuclei in the root tip cells. Micronuclei induction showed characteristic dose responses of an upward convex bell shape and a steep rise near zero doses for all types of the ions. The bell curve dose responses, however, could be explained by a simple mathematical model. A parameter in the model which indicates micronuclei induction frequency and another parameter which indicates induction frequency of lethal damages (or damages delaying cell divisions) per heavy ion track were both proportional to square of the LET. Because we suspected by-stander effect concerning the dose responses rising steeply near zero doses and tapering off for higher doses, we tested acute irradiation to remove time of information transmittance between cells using a single spill (about 0.3 s) of the synchrotron beam. No difference was detected between normal multiple spill irradiations and single spill.
INTRODUCTION
Experimental investigations and theoretical studies of the biological effects of radiation dependent on radiation quality have continued from 1920 to date. [1] [2] [3] [4] [5] [6] [7] [8] [9] Theoretical considerations of the spatial distribution of ionization are required to discuss the radiation quality dependences, because radiation quality is characterized by distribution. The main factor in radiation quality discussions is linear energy transfer (LET). Fine track structures not to be reflected in LET values may possibly alter radiation effects, but the influences are not as clear as LET.
Most subjects investigated are restricted to reproductive deaths of irradiated cultured mammalian cells and chromosome aberrations of in vitro irradiated human peripheral blood lymphocytes. Reports for other subjects are few. [10] [11] [12] [13] Many experiments indicated that the frequency of lethal damage or chromosome aberrations of a cell per primary charged particle crossing the nucleus was proportional to the square of LET, 14, 15) and a few experiments indicated that some effects like eye color mosaic spots of drosophila were almost solely dependent on the absorbed doses.
11)
Ionization is mainly caused by the Coulomb force between secondary electrons of the radiations and orbital electrons of atoms composing tissue. The energy distribution of the secondary electrons is mainly related to the velocity of the primary particles and not related to LET. Therefore, the LET difference itself should not impact the primary physical events. The main cause of the LET dependences is related to the spatial distribution of the primary radiation products. Many chemical reactions are suppressed with high LET because of depletions of the solutes reacting to the primary radiation products.
16) The proportionality to the square of the LET of the induction of chromosome aberrations can be explained from the intuitive idea that exchange type chromosome aberrations may be generated from the interaction of two DNA damages. These aberrations can explain the reproductive death because cells having chromosome aberrations are thought to cause reproductive death. Models based on sublesion interactions which are represented by the theory of dual radiation action were supported by this idea, though the idea is not wholly accepted. Goodhead et al. strongly protested the idea.
15) The interpretation of LET dependence has not yet been established. Recently, unrelated to macroscopic and abstract theories, investigations by computer simulations of molecular level radiation action are being attempted. 7) The amount of ionization by radiation is approximately proportional to the absorbed dose. Therefore, the effects dependent on the absorbed dose are conceivably dependent on the amount of the primary radiation product.
If the concept of sublesion interactions is true and the actual object corresponding to the sublesion is some radiation induced biological macroscopic complex, it would be difficult to clearly identify the mechanism by means of molecular level investigations because LET dependence is not the result of the difference in primary chemical products.
To find the mechanism of LET dependence, we propose examining LET dependent final biological effects and theoretical constructions to explain these effects. To this end, we have examined the induction of micronuclei into root tip cells of irradiated germinating onion seeds, which are known as an excellent biological dosimeter 10) and an independent complete organism different from cultured cells.
MATERIALS AND METHODS

Onion seedlings
Onion (Allium cepa L.) seeds of the variety OK Yellow (Takii Seed Co., Kyoto, Japan) were seeded on two sheets of filter paper, (Qualitative Filter Paper No. 2, TOYO ROSHI KAISHA,. Tokyo, Japan) laid in a 90 × 20 mm sterilized plastic dish (SH90-20, Asahi Techno Glass Co., Tokyo, Japan) and soaked with distilled water. The seeds were maintained at about 23°C for 48 hours (some fluctuations of the temperature were inevitable because of transportation condition between laboratories). Twenty germinating seedlings were transferred onto the inside back of the plastic covers of 35 × 13 mm sterilized plastic dishes (Nunclon DELTA 153066, Nunc A/S, Roskilde, Denmark). The plastic covers with the seeds were put on the dishes filled with Kim Wipe soaked with distilled water. The seedlings in the covered dishes then were irradiated with heavy ions across the cover.
Irradiation
Neon, Silicon, and Argon ions accelerated by a HIMAC synchrotron at the National Institute of Radiological Sciences-Heavy-ion Medical Accelerator in Chiba (NIRS-HIMAC) at up to 400, 490 and 500 MeV/u respectively were irradiated. The average linear energy transfer (LET) per track was about 31, 55 and 85 keV/μm respectively. The ions were selected because the LET values are appropriately different from each other. The size of the collimation was set to 60 mm × ∞ (width × height).
The LET's were calculated by fitting theoretical Bragg peak curves to the beam monitor values of the ion beams after passing through various absorbers. The absorbed doses were determined from the values of the beam monitors placed upstream using the relationship between the absorbed doses at the sample position and the values of the beam monitors measured in advance. Details of the irradiation system of NIRS-HIMAC were reported by Torikoshi et. al. 17) a. Low absorbed dose single spill exposure and multiple spill exposure to seedlings Each ion spill comes every 3.3 s. The time length of the spill is about 0.3 s. We exposed the seedlings to the low absorbed dose single ion spill (SS) and compared the effects to that of almost same low absorbed dose multiple spill (50-100) exposure (MS). The SS exposure was performed by manipulating a beam switch while watching the output on a beam monitor. b. Normal absorbed dose multiple spill exposure to seedlings Larger than 50 spills exposure.
Micronucleus assay
Irradiated seedlings were cultured at about 23°C for 18 h. The seedlings were fixed, macerated, and stained for 25 minutes with a solution containing acetic dahlia and 1 N HCl at a volume ratio of 7:3. Acetic dahlia was prepared by dissolving a 0.5 g dahlia violet (Wako Pure Chemical Industries, Ltd., Osaka, Japan) into 100 ml of 30 % acetic acid. The seedlings were washed briefly three times with purified water and the remaining water was soaked out on filter paper. About 1 mm of each root tip was placed onto a slide glass, with a drop of 50 % glycerin, slide cover placed, and the tip was squeezed by tapping on the cover glass. The cover glass was sealed with melted paraffin. Micronuclei were scored with a microscope with a magnification of 400×. Table 1 is a summary of the data. Fig. 1 is the frequency of micronuclei per cell plotted against the absorbed dose. The data fluctuations and data for the three ions overlap each other. However the data of the same absorbed dose show a tendency to line up in increasing order of LET from the bottom at the low absorbed dose region and in the decreasing order at high absorbed dose region. Figure 2 presents the same data plotted against the mean number of heavy ions crossing a nucleus. Figure 3 is the low mean number data of Fig. 2 . These figures enable us to compare the effects of the 2.17 ± 0.40 same numbers of the heavy ions and the difference is clear. The mean number was converted from the absorbed dose using following relationships:
RESULTS
where ρ is tissue density, D is absorbed dose, L is track average LET, Φ is fluence, m is mean number of the particles crossing a nucleus, and A is cross section of the cell nucleus. ρ is assumed 1 g/cm 3 , and A is assumed 95 μm 2 ((5.5 μm) 2 × π) because the diameter of nucleus measured by a microscope is about 11 μm. Figure 4 is the plot of relative variance (variance divided by mean) of the micronucleus distribution. Figure 5 is the low mean number data of Fig. 4 . Relative variance is a factor of a probability distribution which is the most important factor distinguishing the character of intercellular distribution of chromosome aberrations.
18)
DISCUSSION
First, we found absorbed dose dependence of the micronucleus induction to steeply rise near zero absorbed doses and gradually becoming gentler with increasing absorbed doses in the low absorbed dose region as seen in Fig. 1 . We suspected by-stander effects for the absorbed dose dependence. If some information is transmitted from the irradiated cells to the non irradiated cell nucleus and the information Table 2 . Table 2 . enhances the radiation effect of the non irradiated cell nucleus when the cell nucleus is irradiated first, larger absorbed dose effects may appear at the low absorbed dose region. Therefore, to detect the time of the information transmittance, we exposed low absorbed doses of the ions for a very short period (0.3 s) using the property of the accelerator and compared the results to the normal prolonged exposures. But no differences were found as seen in Fig. 3 and Fig. 5 .
With experiments of higher absorbed doses, we found the bell shaped absorbed dose-effect curve as seen in Fig. 1 . The shape of the low absorbed dose region looked like only a part of the bell shape. Therefore, we constructed a theoretical model which can explain the bell shaped radiation dependence. The details are described in the Appendix.
The lines of Fig. 1, Fig. 2 and Fig. 3 are the theoretical curves of the frequency of micronuclei per cell as a function of m (A-16 of Appendix):
where a is the frequency of micronuclei generated in a cell per heavy ion crossing the cell nucleus, S is the surviving rate of a cell hit by a heavy ion and R is the ratio of the cross section of "inactivation target", the region which has a possibility of inactivation with heavy ions crossing, to the nuclear cross section. If some cells are inactivated by heavy ions crossing only the cytoplasm, the optimal value of the inactivation target size would be larger than the nuclear cross section (R > 1). For deduction of the equation ( The values R, S and a in expressions (3) and (4) were obtained minimizing the sum of χ 2 for the experimental data and the theoretical value of μ and on the condition that R is same for all three ions. The values are summarized in Table 2 . The standard errors of the parameters were estimated from the changes of χ 2 when the parameters deviated from the minimum point of χ Table 2 . (3) and (4) correctly explain the experiments as seen in Fig. 1, Fig. 2 and Fig. 4 , and the values a and S follow the equations a = a 0 L 2 and S = exp (-b 0 L 2 ) well as seen in Fig. 6 and Fig. 7 .
These equations suggest that the frequencies of damage per track of primary charged particle generating micronuclei and cell death are both proportional to the square of the LET. These proportions also agree with the general assumption of sublesion interaction models such as the theory of dual radiation action. 2, 3) Cell death and division delay should give the same results within the framework of the model. Onion seedlings are very resistant to radiation. They do not wither with 2-3 Gy of radiation. Therefore most of the lethal damage in the model may very likely be damage by delaying cell divisions. However this is a problem to be solved in the future.
Previous reports for micronuclei induction show dose responses almost linear or slightly bending.
10,13,19,20) However, the maximum frequencies of micronuclei are smaller in the previous reports than our report. These previous reports' dose responses are possibly the reason causing the conspicuous bend in the higher absorbed doses. Therefore, it may be possible to apply the mathematical model to these experimental systems. 
APPENDIX
Deduction of probability distribution
When k charged particles randomly hit an inactivation target in a cell including the cell nucleus area larger than the nucleus, the probability that l charged particles will hit the cell nucleus in the target follows a binomial distribution;
where U is the proportion of the nuclear cross section to that of the inactivation target. Let p (λ, x) denote a Poisson distribution of the mean value λ and random variable x. Assuming the probability that x micronuclei are generated in a cell whose nucleus is hit by l particles to be p (la, x) and surviving rate of the cell hit by k charged particles to be S k (S ≤ 1), the proportion of cells that live and x micronuclei that are generated irrespective of l is:
When mean number of the particles hitting a nucleus is m, the mean number hitting the inactivation target is Rm ( ).
Therefore, probability of k hits to the inactivation target is p (Rm, k), and the probability that x micronuclei are generated irrespective of k is The micronuclei become visible after a cell division. If the micronuclei are distributed randomly, the probability that the x1 micronuclei are distributed to one divided cell and (x -x1) micronuclei are distributed to another divided cell is an binomial distribution .
( A -6 )
Because the both divided cells follow the probability, the average number of cells that are divided from cells that have x micronuclei and that have x1 micronuclei is The number of cells which have no micronuclei is sum of the number of live cells which have no micronuclei and dead cells, and the proportion is from (A-10) and (A-13), 
Deduction of average
Average number of the micronuclei per cell, μ, is the mean of the probability distribution pA (x), and 
